branched oligosaccharides. The exoamylase β-amylase (EC 3.2.1.2) catalyzes the hydrolysis of the second α-1,4-glycosidic bonds from the non-reducing end of starch, generating as end products β-maltose and α-limit dextrin. The exoamylases glucoamylase (EC 3.2.1.3) and α-glucosidase (EC 3.2.1.20) hydrolyze both the α-1,4-and α-1,6-glycosidic bonds from the non-reducing end of the starch molecule, generating exclusively β-d-glucose as the end product. These last enzymes differ in their substrate preference, i.e. glucoamylase hydrolyzes best long-chain polysaccharides, whereas α-glucosidase short maltooligosaccharides [15] [16] [17] .
The α-amylase is the most characterized starch degrading enzyme, which is used in baking and textile industries, and in starch saccharification [18, 19] . The commercially available α-amylases have limited activity at low pHs and temperatures, exhibiting usually Ca 2+ dependence for their activity [20] . For its part, several α-glucosidases and glucoamylases from mesophilic bacteria, fungi and yeasts have been described, which, in general, display optimal activity at temperatures up to 45°C and at acidic pH [21] [22] [23] . The mostly used α-glucosidases and glucoamylases in industrial processes have been obtained from Aspergillus species with major activity displayed at temperatures between 45-60°C [13, 24, 25] . Currently, the search for novel microbial sources of amylases with high activity at low temperatures, for energy-saving, gains importance. Furthermore, these cold-active amylases also have specific properties that make them compatible with application in different fields, such as acid stability for biopulping and compatibility with detergent components. Yeasts thriving in cold environments (i.e. cold-adapted yeasts) represent a promising source for cold-active amylolytic enzymes since they, using the available carbon sources, secrete hydrolytic enzymes, which have potential for biotechnological and industrial applications [26] [27] [28] [29] . An α-amylase and a glucoamylase were described from Candida antarctica (now Moesziomyces antarcticus) CBS 6678 [30] , both enzymes being monomeric glycoproteins that preferentially hydrolyzed high-molecular-mass substrates. The optimal pH and temperature for activity of these glucoamylase and α-amylase were 4.2 and 57°C, and 4.2 and 62°C, respectively [30] . An amylase produced by the yeast Clavispora lusitaniae isolated from vegetables of a market of Bhopal (India) had higher activity at pH 11 and 42°C, maintaining a 42% of its activity at 4°C and showed no dependency on Ca 2+ for activity and stability. This enzyme was prosed as a good candidate to be applied in detergents because it retained nearly 80% of activity after 2 h of exposing to sodium dodecyl sulphate, Tween-80 and Triton X-100, H 2 O 2 and NaClO 3 [31] . The Antarctic fungus Tetracladium sp. secreted a glucoamylase that is a glycosylated enzyme of approximately 84 kDa displaying best soluble starch degrading activity at 30°C and pH 6.0, and exhibited also no dependency on calcium for its activity [32] .
Several Antarctic yeast species able to growth in media with soluble starch as unique carbon source and displaying extracellular soluble starch hydrolyzing activity have been reported [33, 34] . From these yeasts, an isolate identified as Dioszegia fristingensis displayed the highest starch hydrolyzing activity.
The aim of this work was therefore to purify and biochemically characterize the amylolytic enzyme secreted by D. fristingensis, determining the optimal conditions for enzyme activity, thermal stability and kinetics parameters.
Materials and methods

Culture conditions
D. fristingensis isolate T9Df1 was routinely grown at 15°C in YM medium (yeast extract 0.3%, malt extract 0.3%, peptone 0.5%) supplemented with 1% glucose (YM-G). For protein purification purposes, the YM medium was supplemented with 1% soluble starch (Sigma-Aldrich Corporation, St Louis, USA) (YM-S). Semisolid media were prepared by the addition of agar at 1.5%, before autoclaving at 121°C for 20 min.
Extracellular protein purification
Three hundred mL of yeast cultures at late exponential phase of growth were centrifuged at 7,000×g for 10 min at 4°C and the supernatant was filtered through a sterile 0.45-μm pore size polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The proteins from the cellfree supernatants were differentially precipitated using ammonium sulphate at 20, 40, 60 and 80% of saturation. In each step of precipitation, the sample was incubated on ice for 2 h and centrifuged at 10,000×g at 4°C for 15 min. The pellet was suspended in 2 mL of potassium phosphate buffer (20 mM and pH 7.0) and then samples were desalted using a HiTrap Desalting column (GE, Schenectady, New York, USA). Then, 2 mL protein samples were loaded onto an ion-exchange SP FF 16/10 column (General Electrics, New York, USA) equilibrated with 20 mM sodium phosphate buffer at a flow rate of 1 mL/min and attached to an Akta Prime purification system (General Electrics, New York, USA). The bounded proteins were eluted with a 50 mL NaCl gradient from 0 to 1 M and fractions of 1 mL were collected. When necessary, fraction samples were pooled and concentrated at 1,000×g at 4°C using Amicon filters with a 3 kDa molecular weight cut-off.
Methods for protein analysis
Proteins were quantified using the BCA Kit Assay (Thermo Scientific, IL, USA) according to the manufacturer's instructions and visualized by sodium dodecyl sulpate polyacrylamide gel electrophoresis (SDS-PAGE). The relative molecular weight in reducing and non-reducing conditions was estimated from SDS-PAGE gels and from gel filtration, respectively. The PageRuler Plus Prestained Protein Ladder (Thermo Scientific, IL, USA) and Gel filtration standard (Biorad, CA, USA) were used as commercial protein reference standards. The existence of protein glycosylation was determined using the Pierce Glycoprotein Staining Kit (Thermo Scientific, IL, USA) according to the manufacturer's instructions. Protein characterization by peptide mass fingerprinting was performed at the Centre for Functional Genomics (University at Albany, New York) and analyzed by Mascot; only results having a score greater than 54 (P < 0.05) were considered statistically significant [35] .
Analysis of the amylolytic activity
The enzyme activity on soluble starch was measured as the liberation of reducing sugars, which were quantified by the dinitrosalicylic acid (DNSA) method [36] . Briefly, 50 µL of 10 g/L soluble starch was mixed with 50 µL of the protein sample and incubated for 1 h. Then, 100 µL of DNSA solution (1.6% NaOH, 30% sodium potassium tartrate, 1% 3,5-DNSA) were added, mixed, incubated for 10 min at 100°C followed by 5 min on ice. The absorbance at 540 nm was measured in 96 well microplates using an Epoch 2 microplate reader (Biotek Instruments Inc., Winooski, VT, USA). Values were normalized by the amount of protein present in each sample. The released glucose from soluble starch was quantified with the d-Glucose Assay Kit (Megazyme, IL, USA), which was used according to the manufacturer's instructions. To determine the specificity of the amylolytic enzyme, the chromogenic substrates ethylidene-4-nitrophenyl-α-dmaltoheptaoside (E-pNP-G7; Abnova, Taipei, Taiwan) and 4-nitrophenyl-α-d-glucopyranoside (4-NPGP; SigmaAldrich Corporation, St Louis, USA) were used.
Analysis of optimal conditions and kinetic parameters for the amylolytic activity
The effect of temperature, pH, soluble starch concentration, CaCl 2 and MgCl 2 on the activity of the amylolytic enzyme was evaluated using a Placket-Burman design ( Table  1) . The complete progression curve was determined in each trial, and the reaction velocity values were used to calculate the effect on enzyme activity of the mentioned physicochemical factors. The optimal temperature and pH for the enzyme activity was determined by applying a response surface methodology. The kinetic parameters were determined using the optimal temperature and pH conditions indicated in the previous step. In these assays, 500 µL of the amylase purified solution at 1.5 µg/ mL was incubated with 500 µL of different concentration of soluble starch. At different times, 50 µL of the reaction were taken and assayed by the DNSA method as described before. The initial reaction velocities at different soluble starch concentrations were calculated and the K m and V max values were estimated applying the Hill non-linear fitting method. The k cat value was determined once these values were known. To evaluate the irreversible thermal inactivation, purified enzyme samples were incubated at different temperatures from 4°C to 50°C during 1-8 h. In each case, the reaction velocity was calculated. a The effect corresponds to ratio between influence of each parameters and experimental error. The asterisk means no addition of compounds.
Results
Enzyme purification and characterization
The proteins profiles and amylolytic activity were determined in fractions collected from anionic-exchange chromatography. As shown in Figure 1 , two peaks centred at fractions 35 (peak 1) and 87 (peak 2) were observed, and the amylolytic activity was only detected in samples from fractions corresponding to peak 2 (Fig. 1A) . When these fractions were analyzed by SDS-PAGE, a single 32 kDa protein band was observed (Fig. 1A) . This enzyme secreted by D. fristingensis would not be glycosylated as demonstrated in Figure 1B ,C. The relative molecular weight under non-reducing conditions determined by gel filtration chromatography was 30 kDa, which is similar to the value determined under reducing conditions on SDS-PAGE suggesting that the amylolytic enzyme secreted by D. fristingensis is a monomer. The purified amylolytic enzyme was analyzed by peptide mass fingerprinting and 10 of the 54 obtained peptides displayed hits for putative or uncharacterized proteins from Saccharomyces cerevisiae in the Mascot report, but no matches were found for any known starch degrading enzyme (Fig. S1 ). 4) , and positive (horse peroxidase, lanes 3 and 6) and negative (soybean trypsin inhibitor, lanes 2 and 5) controls for glycosylation. The arrow indicates the protein band associated to amylolytic activity.
Determination of enzyme substrate specificity
The enzyme specificity of the amylolytic enzyme secreted by D. fristingensis was evaluated using E-pNP-G7 and the 4-NPGP as substrates in the reactions. These compounds are specific substrates of α-amylases and α-glucosidases, respectively. As shown in Figure 2A , the D. fristingensis enzyme was able to hydrolyze 4-NPGP, but not E-pNP-G7, indicating that this enzyme is an α-glucosidase. The enzyme reaction was also performed using 5 g/L soluble starch as substrate. According to results (Fig. 2B) , terminal glucose was released from soluble starch in the enzyme reaction, which is characteristic of α-glucosidases, while α-amylase release different oligosaccharides.
Influence of physical-chemical parameters on α-glucosidase activity
The influence of temperature and pH, and the concentration of Ca
2+
, Mg 2+ and soluble starch on enzyme activity was estimated using a two-level placket-Burman design. In each trial, the reaction progress was followed by the release of reducing sugars, until no increment was observed. The reaction velocities were calculated from the slopes of each curve to estimate the effect of each variable on the α-glucosidase activity (Table 1) . Under the ranges used of each factor in the analyses, CaCl 2 concentration showed to be the factor that most affected the α-glucosidase activity, followed by pH and soluble starch concentration. Therefore, α-glucosidase activity was measured at different CaCl 2 concentrations, showing a 200% increment of the reaction velocity at 10 mM CaCl 2 , and 170% increment at both 20 and 40 mM CaCl 2 ( Fig.  3 ) when compared to the value obtained in the absence of CaCl 2 . No α-glucosidase activity was observed at 100 mM CaCl 2 . According to these results, the subsequent α-glucosidase activity assays were performed using buffer supplemented with 10 mM CaCl 2 . To find the pH and temperature values, at which the α-glucosidase exhibited the highest hydrolytic activity on soluble starch, a central composite design of two levels was applied [37] . At 1 h of reaction, the α-glucosidase secreted by D. fristingensis displayed the highest activity at 37-40°C and at pH 5.5-6.5 (Fig. 4) . was less pronounced than in the previous conditions. In the presence of CaCl 2 , only a slight α-glucosidase activity decrease was observed at 45°C and 50°C, retaining over 90% of its maximum activity. Instead, a more pronounce decrease of the α-glucosidase activity was observed at 45°C and 50°C without the addition of CaCl 2 .
Thermal inactivation of D. fristingensis α-glucosidase
The enzyme remained highly stable after 1 h of incubation at temperatures from 4 to 37°C, before performing the activity assay at its optimal conditions. Similar results were obtained when the assays were performed with or without the addition of CaCl 2 . An abrupt reduction of the activity was observed when samples were incubated for 1 h at temperatures ≥ 40°C, retaining only 25% of its maximum activity after incubation at 50°C, but this reduction was more pronounced when no CaCl 2 was added (Fig. 5A) . The stability of the enzyme at longer times of incubation at different temperatures is shown in Figure 5B . The enzyme showed to be very stable after incubation at 22°C, keeping up to 90% of its maximum activity even after 8 h of incubation. At 30°C and 40°C, the α-glucosidase activity displayed almost a linear decrease along time, with halflife of 7.0 h and 5.6 h, respectively. At 50°C the decrease in activity was abrupt in the first 2 h of incubation (30% residual activity), and then a linear decay was observed until 8 h of incubation, reaching 15% residual activity.
The effect of temperature on α-glucosidase activity and stability using soluble starch as substrate was evaluated with or without the addition of 10 mM CaCl 2 . In the presence of CaCl 2 , the enzyme activity decreased at temperatures below 37°C, retaining 55% and 32% of its maximum activity when it was assayed at 30°C and 22°C, respectively. When CaCl 2 was not added, the α-glucosidase activity decreased at lower temperatures but this decrease Figure 4 . Effect of pH and temperature on the α-glucosidase activity. Central composite design of the enzyme reactions using pH and temperature as variables. Enzyme reactions were followed by the release of reducing sugar measured by the DNSA method until no linear increase in the absorbance values at 540 nm was observed. The response surface plot shows the calculated reactions velocities (colour scale) at each condition. only at temperatures higher than 37°C. These results suggest that Ca 2+ improves both the activity and stability of the α-glucosidase, but only at higher temperatures. In general, it has been reported that the presence of calcium increases the activity and thermostability of amylases [44] , e.g. for the glucoamylase produced by Aspergillus phoenicis [45] . A clue characteristic of cold-active enzymes is that they have higher K m values than their mesophilic or thermophilic counterparts [46, 47] . Although D. fristingensis is a psychrotolerant yeast having an optimal growth temperature at 15°C, its secreted α-glucosidase exhibit the best activity at 37-40°C having its K m value on soluble starch of 1.3 g/L. This K m value is in the range typical for microbial α-amylases and glucoamylases described to be best active at 40-50°C, but is lower than that for the enzymes with optimal activity above 60°C [13, [48] [49] [50] . In relation to thermal inactivation of the α-glucosidase from D. fristingensis, its decimal reduction time at 30°C, 40°C and 50°C was 12.5, 10.5 and 7 h, respectively. Comparatively, this is much lower than seen for a glucoamylase from Colletotrichum sp. KCP1, which showed a good stability at 30-50 o C with decimal reduction time values higher than 17 h within that temperature interval [51] . The decimal reduction time value of the D. fristingensis α-glucosidase was approximately 70 h. However, this is only a preliminary characterization and additional thermodynamic studies must be performed to understand the enzyme thermal behaviour and its activity-stability trade-off [47] .
Finally, according to the properties of the α-glucosidase secreted by D. fristingensis T9Df1, this enzyme could be a good candidate to be applied in processes, such as the
Determination of kinetics parameters
The kinetics of α-glucosidase from D. fristingensis using soluble starch as substrate was analyzed in steady-state experiments. As shown in Figure 6 , the enzyme displayed a Michaelis-Menten kinetics, and the values for K m and k cat were of 1.3 g/L and 15 min -1 , respectively.
Discussion
The soluble starch degrading enzyme secreted by D. fristingensis T9Df1 was purified and, according to substrate specificity assays, it corresponded to a 30 kDa monomeric α-glucosidase. The reported molecular weight for fungal amylolytic enzymes is wide variable ranging from 27 to 250 kDa, and the majority of them are glycosylated [13, 38] . Glycosylation is a posttranslational modification present in almost all excreted eukaryotic polypeptides and important for protein exporting, folding and biological activity [39] . In Cryptococcus flavus, the N-glycosylation is important for the export of the α-amylase Amy1, but not for its enzymatic activity [40] . Similarly, no difference in stability towards proteolytic degradation, heat, and acid pH was observed in the glycosylated and the non-glycosylated form of an α-amylase produced by Aspergillus oryzae [41] . According to our results, the α-glucosidase secreted by D. fristingensis is non-glycosylated; however, the assay used was based in periodic acid-Schiff method that specifically detects glycosylated proteins having sialic acid and other oxidizable carbohydrate groups. On the other hand, there is a possibility that the enzyme has few glycosylation sites and therefore low staining intensity [42] . The presence of 10 mM CaCl 2 , pH 5.5-6.0 and temperature between 37-40ºC were determined as conditions for the best activity of the α-glucosidase secreted by D. fristingensis, which retained a 60% of the optimal activity at 30°C, and a 30% at both 10°C and 4°C. Most of other microbial α-amylases and glucoamylases exhibit their best activity at 40°C, and have lower optimal pH (average 4.5) for optimal activity [20] . The cold-active α-amylase produced by Antarctic bacterium Pseudoalteromonas haloplanktis is best active at 25°C and pH 7.0 [43] , whereas the one from the yeast Candida antarctica (now Moesziomyces antarcticus) displayed optimal activity at 57°C and pH 4.2 [30] .
The influence of CaCl 2 on the activity of α-glucosidase from D. fristingensis varied at different temperatures, while CaCl 2 improved the activity at temperatures above 37 o C, the contrary effect was observed at lower temperatures. Also, the residual activity after 1-h incubation at different temperatures was higher in the presence of CaCl 2 , but simultaneous saccharification and fermentation of raw starch, and clarification of beers and juices [52, 53] .
